ABSTRACT: Intervertebral disc (IVD) degeneration is associated with the imbalance between anabolism and catabolism of the nucleus pulposus (NP) extracellular matrix (ECM). Serum deprivation (SD) has been reported to exacerbate IVD degeneration; however, the effect of SD on ECM metabolism is not fully understood. Hypoxia plays important roles in maintaining the physiological functions of IVD cells; however, whether hypoxia has any effect on NP ECM production under conditions of SD is still unclear. In the current study, we established an in vitro SD model by exposing NP cells to serum-free medium. SD decreased the expression of aggrecan and collagen II, as well as the production of sulfated glycosaminoglycan (sGAG) in a time-dependent manner. However, hypoxia abolished SD-mediated down-regulation of aggrecan and collagen II expression via JNK1/2 activation. Moreover, hypoxia abolished SD-induced MMP-3 and MMP-13 expression by inhibiting NF-kB activation, p65 translocation, and MMP-3 and MMP-13 promoter activity. These results indicated that, hypoxia maintained ECM production under conditions of SD. This effect was elicited in part through JNK1/2-mediated up-regulation of matrix gene expression and down-regulation of MMP expression, through the inhibition of NF-kB. Keywords: nucleus pulposus; extracellular matrix; hypoxia; JNK; NF-kB Intervertebral disc (IVD) consists of an outer ligmentous annulus fibrosus (AF) and an inner gel-like nucleus pulposus (NP). It lies between adjacent vertebral bodies and permits rotation, flexion, and extension of the spinal column.
Intervertebral disc (IVD) consists of an outer ligmentous annulus fibrosus (AF) and an inner gel-like nucleus pulposus (NP). It lies between adjacent vertebral bodies and permits rotation, flexion, and extension of the spinal column. 1 Degeneration of IVD is the most important contributor to low back pain (LBP), 2 one of the most common health problems in young and middle-aged individuals. 3 Although IVD degenerationassociated LBP causes enormous economic losses and compromised quality of life, the mechanism of IVD degeneration is still unclear. Therefore, it is important to study the pathogenesis of IVD degeneration to attempt to reverse this process.
The underlying cause of disc degeneration is multifactorial. 4 Discs primarily rely on the diffusion and convective transport of nutrients and metabolites from adjacent osseous vertebral endplates (EPs). 5, 6 Conditions such as smoking and vascular insufficiency, have been correlated with higher incidences of IVD degeneration. 7 IVD degeneration is also believed to be in part, the result of the imbalance between anabolism and catabolism of the extracellular matrix (ECM), which is primarily secreted by NP and AF cells and degraded by matrix metalloproteinases (MMPs). 4 Serum deprivation (SD) has been reported to exacerbate IVD degeneration; however, the effect of SD on ECM metabolism is not fully understood. Discs are the largest avascular organs of the body and NP cells within the discs reside in a unique hypoxic environment. Several studies have reported that, hypoxia plays important roles in maintaining the physiological functions of IVD cells, including energy metabolism, matrix synthesis, and cell viability. [8] [9] [10] Therefore, an important question is how NP cells survive under low-level nutrient supplies in IVD. Moreover, whether hypoxia enables NP cells to live through SD is still unclear.
To this end, we investigated the effect of SD on ECM metabolism, and determined the role of and possible mechanisms by which hypoxia promotes NP cell survival under conditions of SD.
MATERIALS AND METHODS

Isolation of NP Cells and Treatments
Rat NP cells were isolated using a method described previously by our group. 11 The current study was approved by the Medical Ethics Committee, of The First Affiliated Hospital of Sun Yat-sen University. Cells were maintained in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, CA) supplemented with 10% fetal bovine serum (FBS, Invitrogen) and antibiotics (Invitrogen), and were cultured in a humidified incubator containing 21% O 2 , 5% CO 2 , and 74% N 2 at 37˚C. To investigate the effects of SD and hypoxia, NP cells were treated with serum-free DMEM and cultured in a hypoxic incubator containing 0.5% O 2 , 5% CO 2 , and 94.5% N 2 or in a conventional incubator. We investigated 0.5% and 1% O 2 in our preliminary experiments and showed similar results under both conditions. To better mimic the hypoxic environment in vivo, we utilized the lowest 0.5% O 2 in this study. 
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Real-Time RT-PCR Analysis Rat NP cells were cultured in 6 cm plates (4 Â 10 5 cells/plate) and total RNA was extracted using Trizol Reagent (Invitrogen). Purified RNA (2 mg) was used to synthesize cDNA, using the ReverTra Ace qPCR RT Kit (Toyobo, Osaka, Japan). Template cDNA and gene-specific primers were added to a SYBR Green qPCR mixture (Toyobo, Osaka, Japan), and mRNA expression was quantified using a CFX96 Real-Time PCR Detection System (Bio-Rad, CA). The PCR primer sequences are as follows: Aggrecan forward 5 0 -TCACC ACCCACTCCGAAGAAGTTT-3 0 , Aggrecan reverse 5
0 -GGATGGCTACGTACATGGCTG-3 0 . Melting curves were analyzed to confirm the specificity of the RT-PCR reactions and the absence of primer-dimer formation. The 44 CT method was used to calculate fold changes and gene expression was normalized to that of b-actin (Fig. S1 ).
14-17 Each sample was analyzed in duplicate and all primers were synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
Protein Extraction and Western Blotting NP cells were immediately placed on ice following treatment, washed with ice-cold PBS, and lifted and harvested in RIPA buffer (Sigma-Aldrich, MO). A total of 30 mg of cell proteins were resolved on 10% or 8% SDS-PAGE gels and transferred by electroblotting to PVDF membranes (Millipore, MA). The membranes were blocked with 5% nonfat dry milk in TBST (50 mM Tris, pH 7.6; 150 mM NaCl; 0.1% Tween 20) and incubated overnight at 4˚C in 5% nonfat dry milk in TBST with antibodies against aggrecan (Santa Cruz, CA) (1:200), collagen II (Abcam, MA) (1:2,000), Sox9 (Abcam, MA) (1:1,000), p65 (CST, MA) (1:1,000), phospho-p65 (CST, MA) (1:1,000), IkB (CST, MA) (1:1,000), phospho-IkB (CST, MA) (1:1,000), JNK (CST, MA) (1:1,000), phospho-JNK (CST, MA) (1:1,000), ERK1/2 (CST, MA) (1:1,000), phospho-ERK1/2 (CST, MA) (1:1,000), p38 (CST, MA) (1:1,000), phospho-p38 (CST, MA) (1:1,000), and b-Tubulin (Sigma-Aldrich) (1:5,000). Blots were then incubated with HRP-conjugated anti-rabbit or anti-mouse secondary antibodies (CST, MA) (1:2,000), and immunolabeling was detected using an ECL reagent (Invitrogen).
Transfection and Luciferase Reporter Assay
Cells were seeded in 6-well plates at a density of 2 Â 10 5 cells/well 1 day before transfection. To investigate the effects of Sox9 on aggrecan expression, cells were transfected with a specific siRNA using Lipofectamine RNAiMAX (Invitrogen) as a transfection reagent. The Sox9 siRNA #1 sequences are
0 . To measure the effects of SD and hypoxia on MMP-3 and MMP13 promoter activity, cells were plated at a density of 1 Â 10 4 cells/cm 2 in 48-well plates. The next day, cells were transfected with 400 ng of a reporter plasmid and 100 ng of a pRL-TK plasmid, using Lipofectamine 2,000 (Invitrogen) as a transfection reagent. Firefly and Renilla luciferase activities were measured after SD and hypoxia treatment, using the Dual-Luciferase Reporter Assay System (Promega, WI) according to the manufacturer's instructions. The data were normalized to Renilla luciferase activity and relative luciferase activity was calculated by dividing firefly luciferase activity by Renilla luciferase activity.
Sulfated Glycosaminoglycan (sGAG) Detection Sulfated glycosaminoglycan (sGAG) in the NP ECM consists of proteoglycans and a core protein, and were utilized to reflect proteoglycan expression. sGAG production was detected with the Blyscan sGAG Assay Kit (Biocolor, CF, UK), which uses the 1,9-dimethylmethylene blue (DMMB) method, according to the manufacturer's instructions.
Immunofluorescence Confocal Microscopy NP cells were seeded in flat bottom 96-well plates (4 Â 10 3 /well) and allowed to recover overnight. The next day, cells were treated with serum-free DMEM in the absence or presence of hypoxia for 2 h. Then, cells were fixed with 4% paraformaldehyde (PFA), permeabilized with 0.5% Triton-X 100 in PBS for 10 min, blocked with 1% BSA in PBS, and incubated with antibodies against p65 (CST, MA) (1:50) at 4˚C overnight. As a negative control, cells were incubated with isotype IgG antibodies under the same conditions. After three washes with PBS, the cells were incubated with Alexa Fluor 488-conjugated anti-rabbit secondary antibodies (Invitrogen) (1:1000) for 1 h at room temperature. Cells were imaged using a laser scanning confocal microscope with a 20 Â /0.4 LCPlanFl objective (Olympus Fluoview, Tokyo, Japan).
Statistical Analysis
All experiments were performed at least three times. Data are presented as the mean AE SEM. Differences between groups were analyzed using Student's t-test or one-way analysis of variance (ANOVA) with Bonferroni's post hoc test, for multiple comparisons where appropriate. p-Values < 0.05 were considered statistically significant.
RESULTS
Serum Deprivation Increases Matrix Degradation in NP Cells
To investigate the effect of SD on the expression of matrix genes, NP cells were exposed to serum-free DMEM medium for 24 or 48 h to mimic in vivo physiological conditions. We found that, SD treatment resulted in a time-dependent decrease in aggrecan and collagen II expression, compared to control cells cultured in serum. Compared to the control group, SD decreased aggrecan and collagen II mRNA expression to 0.72-fold (p ¼ 0.0359) and 0.86-fold (p ¼ 0.2266), respectively at 24 h, and 0.52-fold (p ¼ 0.0238) and 0.60-fold (p ¼ 0.0282), respectively at 48 h ( Fig.  1A and B) . As expected, levels of sGAG were reduced to 0.84-fold (p ¼ 0.0407) at 24 h and 0.69-fold (p ¼ 0.0163) at 48 h (Fig. 1C) . Aggrecan and collagen II protein expression were also attenuated in a timedependent manner (Fig. 1D ).
Hypoxia Rescues Serum Deprivation-Induced Matrix Degradation
To explore the effect of hypoxia on the maintenance of NP ECM production during SD, we detected the expression of matrix genes. As illustrated in Figure 2 , SD significantly decreased the mRNA levels of aggrecan and collagen II to 0.56-fold (p ¼ 0.0142) and 0.61-fold (p ¼ 0.0257), respectively and reduced sGAG level to 0.67-fold (p ¼ 0.0117) compared to the control group. Under hypoxic conditions, however, aggrecan and collagen II mRNA levels were increased to 0.89-fold (p ¼ 0.0315) and 0.86-fold (p ¼ 0.0265) of the control group, respectively whereas sGAG level was increased to 0.84-fold (p ¼ 0.0262).
Hypoxia also restored aggrecan and collagen II protein expression following SD treatment.
Hypoxia Attenuates Serum Deprivation-Induced MMP Promoter Activity and Gene Expression Matrix metalloproteases (MMPs) play important roles in NP ECM degradation, resulting in loss of normal disc function and IVD degeneration. A luciferase reporter construct containing a p65 binding element, was used to measure MMP-3 and MMP-13 promoter activity. Treatment with serum-free DMEM significantly increased MMP-3 and MMP-13 promoter activity to 4.05-fold (p ¼ 0.0386) and 6.17-fold (p ¼ 0.0151), respectively compared to the control group. However, hypoxia decreased serum-free medium-induced MMP-3 and MMP-13 promoter activity to 1.83-fold (p ¼ 0.0231) and 
Hypoxia Suppresses NF-kB Activation and Selectively Regulates MAPK Signaling Activated by Serum Deprivation
To elucidate the potential mechanisms of hypoxiamediated regulation, the effects of SD and hypoxia on MAPK and NF-kB activation were investigated. Phosphorylation of p65, IkB, JNK1/2, ERK1/2, and p38 was induced by SD treatment at 30 min. However, hypoxia enhanced JNK phosphorylation and inhibited . Hypoxia suppresses NF-kB activation and selectively regulates MAPK signaling during serum deprivation. Phosphorylation of p65, IkB, JNK1/2, ERK1/2, and p38 was determined by Western blotting after 30 min of SD treatment. Phosphorylation of p65 and IkB was attenuated, whereas JNK phosphorylation was further enhanced by hypoxia (A, C). Cells exhibited increased nuclear localization of p65 in the SD group compared to the control group, whereas hypoxia inhibited SD-induced p65 translocation (B). The images presented are representative of three independent experiments.
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SD-mediated p65 and IkB phosphorylation (Fig. 4A and C). To further confirm the inhibitory effect of hypoxia in the regulation of SD-induced NF-kB activity, the nuclear translocation of the NF-kB subunit, p65 was examined. Treatment of NP cells with serum-free medium for 2 h significantly increased p65 nuclear translocation, but this process was inhibited by exposure to a hypoxic environment (Fig. 4B) .
Role of MAPK and NF-kB Pathways in Hypoxia-Mediated NP Cell Matrix Restoration Following Serum Deprivation
To investigate the role of the MAPK and NF-kB pathways in hypoxia-mediated NP cell matrix restoration, we cultured NP cells in serum-free medium in a hypoxic environment in the presence or absence of an NF-kB inhibitor (SM7368, 10 mM), JNK inhibitor (SP600125, 25 mM), ERK1/2 inhibitor (PD98059, 20 mM), or p38 inhibitor (SB203580, 10 mM). 18, 19 Hypoxia restored the mRNA levels of aggrecan and collagen II following their reduction by SD treatment. Interestingly, the recovery effect on aggrecan, but not collagen II was significantly attenuated by treatment with the JNK inhibitor to 0.70-fold (p ¼ 0.0302) of the control group, whereas treatment with the NF-kB inhibitor further increased the expression of both genes to 1.10-fold (p ¼ 0.0236) and 1.04-fold (p ¼ 0.0226) of the control group, respectively ( Fig. 5A and B) . Likewise, we found that the JNK inhibitor only abolished the inhibitory effect of hypoxia on SD-induced MMP-13 gene expression (8.54-fold; p ¼ 0.0284), whereas the NF-kB inhibitor strengthened this inhibitory effect of hypoxia on both MMP-3 and MMP-13 expression to 1.73-fold (p ¼ 0.0245) and 1.68-fold (p ¼ 0.0404) of the control group, respectively (Fig. 5C and D) . No significant differences were observed after treatment with the p38 or ERK1/2 inhibitors. To explore the downstream effectors of the JNK cascade involved in hypoxiamediated regulation, we found that hypoxia increased Sox9 gene expression to 3.61-fold (p ¼ 0.0054) of the control group following SD treatment, whereas the JNK inhibitor attenuated this induction to 2.38-fold (p ¼ 0.0376) (Fig. 5E) . No significant differences were observed, after treatment with the NF-kB, p38, or Figure 5 . Role of MAPK and NF-kB pathways in hypoxia-mediated NP cell matrix restoration under conditions of serum deprivation. Hypoxia restored SD-induced reductions in aggrecan and collagen II gene expression. This effect on aggrecan, but not collagen II was attenuated by JNK inhibition, whereas both effects were promoted by NF-kB inhibition (A, B). Hypoxia inhibited SD-induced expression of MMP-3 and MMP-13. Pre-treatment with the JNK inhibitor (SP600125) attenuated the inhibitory effect of hypoxia only on MMP-13, whereas the NF-kB inhibitor (SM7368) enhanced the inhibitory effects on both MMP-3 and MMP-13 (C, D). No changes were observed, when treated with the ERK1/2 inhibitor (PD98059) or p38 inhibitor (SB203580). Hypoxia increased Sox9 mRNA expression during SD and treatment with the JNK inhibitor abolished this induction (E). Two Sox9-specific siRNAs significantly knockdown Sox9 expression in both mRNA (F) and protein levels (G). Hypoxia-mediated rescue of aggrecan mRNA expression was attenuated by treatment with the Sox9-specific siRNAs (H). Values indicate the mean AE SEM of one representative experiment out of three independent experiments performed in triplicate.
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ERK1/2 inhibitors. Moreover, hypoxia-mediated restoration of aggrecan gene expression was blocked to some extent in cells treated with Sox9-specific siRNAs, compared to the negative control group (Fig. 5H) . As shown in Figure 5F , Sox9 gene expression was decreased to 0.17-fold (p ¼ 0.0027) and 0.13-fold (p ¼ 0.0013) of the negative control group by the two different Sox9-specific siRNAs, respectively. This knock-down efficacy was further confirmed by Western blotting (Fig. 5G) .
DISCUSSION
In the current study, we established an in vitro nutrition deprivation model by exposing NP cells to serum-free medium for 24-48 h. In this study, we found that SD could significantly affect ECM metabolism and the levels of aggrecan, collagen II, and sGAG in a time-dependent manner via the activation of NFkB signaling. Moreover, the gene expression levels of MMP-3 and MMP-13 were dramatically increased by SD. It is noteworthy that hypoxia could rescue SDinduced matrix degradation, by increasing ECM gene expression and reducing MMP expression. The JNK and NF-kB signaling pathways were the primary pathways involved in these processes (Fig. 6) .
SD has been reported to accelerate IVD degeneration. 20 Disc degeneration is also associated with factors that limit blood and nutrient supplies to disc cells, such as smoking, atherosclerosis, and endplate consolidation. 21 Specifically, a study by Battie MC et al. revealed an 18% greater mean disc degeneration score in the lumbar spines of smokers compared to nonsmokers. 22 Kauppila L, also showed that atherosclerosis in the abdominal aorta and stenosis of segmental artery ostia may play a role in lumbar disc degeneration. 23 Previous studies have also reported that, SD induces NP cell apoptosis and decreases the expression of type II collagen and aggrecan, two main components of the ECM. 14, 24 Our study focused on the effects of SD on ECM metabolism. Consistent with previous reports, we found that SD not only suppresses the expression of ECM components including aggrecan and collagen II, but also promotes the expression of MMP-3 and MMP-13.
Hypoxia is a cellular stress that has been implicated in many diseases, including cerebral ischemia, cancer, and chronic degenerative disorders. 25, 26 However, it is thought that responses to hypoxia may be tissue-specific. IVDs are the largest avascular structures in the body and unlike most mammalian cells, the function of NP cells is not critically dependent upon a continuous supply of oxygen because they reside in an environment that is considered to be hypoxic. Risbud MV et al. reported that rat NP cells adapt to hypoxic conditions by regulating the expression of critical genes such as aggrecan, Sox9 and Collagen II, and down-regulating apoptosis. 9 Chen JW, also reported that hypoxia facilitates the survival of NP cells during SD by restricting ROS generation, thereby down-regulating excessive autophagy. 27 However, the effects of hypoxia on ECM metabolism under conditions of SD are still not fully understood. We report for the first time that in NP cells, hypoxia could rescue SD-induced matrix degradation by increasing ECM gene expression and decreasing MMP-3 and MMP-13 expression.
The mechanism by which hypoxia regulates ECM metabolism under conditions of SD is not clear. We found that SD activated MAPK and NF-kB signaling through phosphorylation of p65, IkB, JNK1/2, ERK1/2, and p38. We also found that, under conditions of SD, hypoxia activated MAPK signaling via JNK phosphorylation and inhibited NF-kB activation by reducing p65 and IkB phosphorylation. Hypoxia plays different roles in different contexts. With respect to the generation of ECM components, the signaling inhibitor studies demonstrated that hypoxia restored the mRNA levels of aggrecan and collagen II, as well as sGAG levels following SD treatment. However, this effect was attenuated by treatment with a JNK inhibitor. With regard to the regulation of MMPs, hypoxia plays roles in different pathways. Through NF-kB signaling, our results demonstrated that hypoxia not only suppressed SD-induced NF-kB activation, but also inhibited MMP mRNA expression and promoter activity. These findings were verified following treatment with an inhibitor of NF-kB signaling. Interestingly, hypoxia could also inhibit MMP expression, through the JNK signaling pathway. These results are not surprising, as hypoxia has been shown to exert multiple effects through different mechanisms. Risbud MV reported that, hypoxia activates MAPK activity in rat NP cells to regulate integrin expression and cell survival. 28 Another study from Zeng Y et al. indicates that, hypoxia regulates galectin-3 expression by interacting with hypoxia regulatory elements in the HIF-1 alpha promoter region and galectin-3 serves a pro-survival function in the IVD. To further explore the mechanism by which JNK signaling regulated ECM gene expression, we investigated the role of Sox9. Sox9 is a pivotal regulator of cartilage formation during embryogenesis 30 and contributes to articular cartilage development postnatally. 31 A study by Shuiliang Shi et al. showed that in chondrocytes, growth factors such as fibroblast growth factor-2 (FGF-2) and bone morphogenetic protein-2 (BMP-2), increased Sox9 gene expression and protein production. In addition, the mRNA expression of aggrecan and types I and II collagen were inhibited by siRNA-mediated knock down of Sox9. 32 Sox9 also regulates aggrecan expression in NP cells. Risbud et al. showed that PI3 K/AKT signaling controls aggrecan gene expression, in part by modulating Sox9 expression and activity in cells of the NP. 33 Our data showed that, Sox9 expression was induced under hypoxic conditions and that only the JNK pathway inhibitor could attenuate this induction. Importantly, hypoxia-induced aggrecan expression was attenuated by Sox9 inhibition. These results were consistent with a previous study by Duval et al., 34 which found that hypoxia and HIF-1alpha could induce the expression of SOX9, COL2A1, and aggrecan in chondrocytes.
Recently, Krock et al. 35 showed that inflammatory stimulation of human NP cells also activates MAPK and p65, to promote neurotrophins. 35 Hypoxia and inflammation are analogous to a brake and accelerator working to maintain disc homeostasis. In our study, hypoxia could suppress SD-induced activation of p65. It may be caused by different cell lines or culture conditions methods, for blocking or stimulating pathway activity, treatment duration, and outcome measurement. It may also depend on different pathway downstream targets, different molecular partners or different phosphorylation sites of the kinases. However, the precise mechanism by which hypoxia influences these pathways still needs further studies to clarify.
There are some limitations of this study. Since nutrients, oxygen levels, and pH are powerful regulators of cellular activity and gene expression in IVDs, the SD cell model we used could not completely recapitulate in vivo conditions. In addition, NP cells cultured in a monolayer lack crucial three-dimensional interactions with the ECM.
In summary, the present study demonstrated that SD compromises ECM metabolism by decreasing the expression of ECM components and increasing the expression of ECM-degrading enzymes (MMPs). Hypoxia could rescue SD-induced matrix degradation by increasing ECM gene expression and decreasing MMP expression. JNK and NF-kB signaling were the primary pathways involved in these processes. These findings contribute to a better understanding of the pathogenesis of IVD degeneration, and have important clinical significance for the prevention and treatment of IVD degenerative diseases.
